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Developmental dyslexia is characterized by severe reading and
spelling difficulties that are persistent and resistant to the usual
didactic measures and remedial efforts. It is well established that
a major cause of these problems lies in poorly specified represen-
tations of speech sounds. One hypothesis states that this phono-
logical deficit results from a more fundamental deficit in auditory
processing. Despite substantial research effort, the specific nature
of these auditory problems remains debated. A first controversy
concerns the speech specificity of the auditory processing prob-
lems: Can they be reduced to more basic auditory processing, or
are they specific to the perception of speech sounds?A second topic
of debate concerns the extent to which the auditory problems are
specific to the processing of rapidly changing temporal information
or whether they encompass a broader range of complex spectro-
temporal processing. By applying a balanced design with stimuli
that were adequately controlled for acoustic complexity, we show
that adults with dyslexia are specifically impaired at categorizing
speech and nonspeech sounds that differ in terms of rapidly
changing acoustic cues (i.e., temporal cues), but that they perform
adequately when categorizing steady-state speech and nonspeech
sounds. Thus, we show that individuals with dyslexia have an
auditory temporal processing deficit that is not speech-specific.
auditory processing | categorical perception | speech perception
Speech contains a number of acoustic cues that are used todiscriminate speech sounds belonging to different phonetic
categories. For example, the acoustic cue that is critical for dif-
ferentiating /bA/ versus /dA/, a stop consonant followed by
a vowel, lies within the first 100 ms of the sounds, during which
time the frequency of the second formant changes rapidly (i.e.,
a temporal cue). In contrast, the acoustic difference between two
vowels such as /u/ versus /y/ lies in the frequency of the second
formant, which stays relatively stable over time. Hence, an ac-
curate perception of steady-state (i.e., nontemporal) spectral
cues is essential for identification of these vowels. There is ample
evidence that individuals with dyslexia exhibit problems in the
representation of speech sounds (1), and that these may be
rooted in a more fundamental auditory processing deficit (2).
Originally, it was claimed that individuals with dyslexia have
a deficit in processing auditory cues that are “temporal” in na-
ture (i.e., rapidly changing), thereby causing problems in the
accurate processing of rapid acoustic changes in speech (such as
in stop consonants) (3). This speech perception problem was
thought to consequently cause a cascade of effects, starting with
the disruption of the normal development of the phonological
system, eventually resulting in problems learning to read and
spell. However, despite substantial research efforts, the literature
is not concordant with respect to the specific nature of these
auditory problems. In particular, it is unclear (i) whether the
problem is specific to the perception of speech sounds (4) or
whether it includes basic acoustic processing more generally (3),
and (ii) whether the auditory problem is specific to rapid tem-
poral processing (3, 5) or whether it encompasses a broader
range of spectro-temporal processing abilities (6).
Although previous speech perception studies predominantly
indicate that individuals with dyslexia are less categorical than
normal readers in the way that they perceive phonetic contrasts,
especially stop consonants (7–28; but see 6, 29–32 for contra-
evidence), these studies are inconclusive as to whether these
problems are exclusive to speech. Indeed, one cannot ignore the
large body of literature that has demonstrated deficits in basic
auditory perception of nonspeech sounds in individuals with
dyslexia (reviewed in refs. 2, 33). Yet, some authors have argued
that these deficits may depend on general factors such as stimulus
complexity, and the use of specific task paradigms (34). To un-
equivocally answer the speech-specificity question, it is necessary
to use stimuli with similar acoustic complexity and to administer
speech and nonspeech tasks using identical paradigms. The few
studies that used identical test paradigms (4, 6, 22, 24, 32) did not
control for the acoustic complexity of the speech and nonspeech
signals, and used either sine-wave-speech, isolated formants, or
tones as the nonspeech counterpart. Consequently, although the
results of these studies have mainly suggested that the auditory
deficit is speech-specific, it may also be “that the auditory deficit
in dyslexia is general but confined to stimuli that are more
complex than the nonspeech analogues used here” (22).
With regard to the temporal-specificity issue, several studies
have demonstrated that individuals with dyslexia tend to have
difficulties in processing sequences of brief, rapidly presented
sounds (reviewed in ref. 33), with more recent studies focusing
on an impaired perception of dynamic aspects in the auditory
signal itself (5). However, other scholars have failed to replicate
findings of auditory temporal problems in individuals with dys-
lexia (35) or have demonstrated auditory problems in tasks that
cannot be categorized as specifically temporal [e.g., frequency
discrimination (36), backward notched-noise conditions (37)].
This suggests that the auditory deficit encompasses a rather
broad range of complex spectro-temporal processing abilities
that are not yet fully understood. Again, the best way to in-
vestigate this temporal-specificity issue is to evaluate the per-
ception of temporal and nontemporal cues by means of identical
test paradigms. One line of research addressed this question by
manipulating the interstimulus interval (ISI) and/or duration of
sounds (either speech or nonspeech). Here, findings are in-
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consistent. Some studies have demonstrated that the deficits are
independent of ISI and stimulus duration (9, 12, 27, 38–42).
Others, however, showed deficits exclusively for brief ISIs and
stimulus durations, thus supporting the temporal-specificity hy-
pothesis (3, 23, 43–46). A second line of studies examined the
temporal-specific question by evaluating categorical perception
of speech sounds, and compared performance on steady-state
phonemes (i.e., vowels) versus temporal phonemes (i.e., stop
consonants). Once again, findings were contradictory: One study
suggested that there is no specific deficit (31), whereas other
studies found evidence for a specific temporal deficit (22, 26).
The present study is unique in addressing both the speech-
specific and temporal-specific issues within one test paradigm,
with stimuli adequately controlled for acoustic complexity. We
tested 31 adults with dyslexia and 31 matched adults with normal
reading (Table 1) on four types of stimuli: (i) a speech contrast
exploiting temporal cues (/bA/-/dA/), (ii) a speech contrast de-
fined by nontemporal, steady-state cues (/u/-/y/), (iii) a non-
speech temporal contrast (spectrally rotated /bA/-/dA/), and (iv)
a nonspeech nontemporal contrast (spectrally rotated /u/-/y/)
(Fig. 1). Given that the presence of auditory deficits may be
related to stimulus complexity and/or to the use of specific task
paradigms (34), we used stimuli containing the same degree of
acoustic complexity and presented them using the same ABX
identification paradigm. Matching the acoustic complexity of the
speech and nonspeech sounds was achieved by spectrally rotating
the former to create the latter (47, 48), resulting in unintelligible
signals that are not perceived as speech but that show the same
spectro-temporal complexity. The balanced design of the present
study enabled us to disentangle some aspects of the existing
controversy concerning auditory processing problems in dyslexia.
According to the speech-specific hypothesis, it is predicted that
individuals with dyslexia will show deficits on both the temporal
and nontemporal speech contrasts while performing adequately
on both nonspeech contrasts. Alternatively, according to the
auditory temporal processing hypothesis, individuals with dys-
lexia will fail on both temporal contrasts but not on the non-
temporal ones. In case the deficit is general or no deficit is
present, we expect no differential effect on the four types of
contrasts: either there will be a group difference on all of the
four stimulus types, or there will be none.
Results
Categorical perception (CP) was used as the test paradigm. CP is
based on the principle that different exemplars of speech sounds
(phonemes) are consistently attributed to the same phonetic
category despite small acoustic differences. CP may therefore be
regarded as fundamental to the development of well-specified
phonological representations. Categorical perception can also be
obtained for nonspeech stimuli that emulate certain speech cues
(49). The parameter of interest in this study was the slope of the
identification curve at the category boundary. A high slope value
indicates a small uncertainty range and suggests a highly con-
sistent ability to categorize sounds, whereas a low slope value
indicates a large range of uncertainty and suggests difficulties in
identifying the sounds (19).
Data were analyzed by means of a 2 (dyslexic reading versus
normal reading group) × 2 (temporal versus nontemporal) × 2
(speech versus nonspeech) factorial design. The analysis showed
a main effect of group [F(1, 30) = 9.56, P= 0.004], with shallower
slopes in the dyslexic reading group compared with the normal
reading group. However, this main effect should be interpreted in
light of the significant group× temporal/nontemporal interaction [F
(1, 180) = 7.06, P= 0.009], which is shown in Fig. 2. First, posthoc
analyses showed that individuals with dyslexia had a significantly
shallower slope than individuals with normal reading on the tem-
poral continua [t(78.9) = 4.08, P = 0.0001] but not on the non-
temporal continua [t(78.9) = 0.69, P = 0.49]. Thus, the imprecise
categorization in individuals with dyslexia is present only for sounds
that are distinguished on the basis of temporal cues, and this both in
the speech (/bA/-/dA/) and the nonspeech continua (rotated /bA/-/
dA/), as no significant group × speech/nonspeech interaction was
observed [F(1, 180) = 0.78, P= 0.38]. An important implication of
the latter is that the categorization deficit in individualswithdyslexia
is not speech-specific. Second, when inspecting the group × tem-
poral/nontemporal interaction effect further, we found that normal
readers showed a significantly steeper slope in the temporal con-
ditions compared to the nontemporal ones [t(180) = −4.63, P <
0.0001], whereas the dyslexic reading group did not show such
a differential effect [t(180) = −0.87, P = 0.38]. This effect was the
same for the speech and nonspeech continua because there was no
significant speech/nonspeech × temporal/nontemporal interaction
[F(1, 180) = 0.72, P = 0.40]. Finally, no significant third-order in-
teraction was found [F(1, 180) = 0.23, P= 0.63].
In addition to the factorial analysis, Pearson correlations were
calculated between the categorical perception data of the four
conditions and scores on the three literacy measures (word and
pseudoword reading and spelling, discussed in Methods). For the
whole sample, we found significant correlations between the
reading and spelling tests and the slopes of the /bA/-/dA/ and
rotated /bA/-/dA/ conditions, whereas we did not observe sig-
nificant correlations with either of the nontemporal conditions
(Table 2). This correlational analysis thus extends the findings of
the group comparisons.
Discussion
In the present study, a carefully selected group of participants
was tested on four different stimulus types while task and test
procedures were kept constant. The design involved creating
four stimulus continua based on two dimensions: speech versus
nonspeech and temporal versus nontemporal. Based on the
performance on an identification task, we demonstrated that
individuals with dyslexia have a temporal-specific deficit that is
present both in the speech and nonspeech categorization tasks.
These findings were extended by demonstrating significant cor-
relations between the performance on both temporal conditions
and reading and spelling ability.
Table 1. Participant characteristics: Mean (SD) and test statistics (mixed-model pairwise comparison)
Dyslexic readers (n = 31) Normal readers (n = 31) Test statistics
Gender (men/women) 9/22 9/22 —
Age (y) 21.4 (2.8) 21.5 (3.0) F(1, 30) = 0.12, P = 0.73
Nonverbal IQ* (WAIS-III: Matrices) 108 (13) 106 (10) F(1, 30) = 0.49, P = 0.49
Word reading† 67 (2) 96 (13) F(1, 30) = 116, P < 0.0001
Pseudoword reading† 67 (3) 104 (11) F(1, 30) = 240, P < 0.0001
Spelling† 72 (9) 103 (10) F(1, 30) = 87, P < 0.0001
*Standardized scores with population average (mean = 100, SD = 15).
†Standardized scores relative to a reference group of university students (mean = 100, SD =15).
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A central implication of our findings is that they support the
hypothesis that the core auditory deficit in dyslexia pertains to the
processing of sounds containing rapidly changing temporal cues.
Given that the task and test procedures were identical in all
conditions, such factors cannot explain this temporal-specific
group difference. The deficit therefore seems to depend on physi-
cal properties of the stimuli, namely whether rapidly changing
cues are present or not present. Other studies that have focused
on the categorization of rapidly changing versus steady-state cues
are generally consistent with our results, and reveal a specific
deficit in individuals with dyslexia for the categorization of stop
consonants but not for vowels (22, 26). One study (31) could not
find group differences for vowels or for stop consonants. In this
study, the stop consonants differed along several cues, including
nontemporal cues. The lack a group difference in this study in the
stop consonant condition may thus have been due to methodo-
logical differences. In our study, we extend the finding of a tem-
poral-specific speech by demonstrating that an analogous tempo-
ral processing deficit can be observed for nonspeech stimuli,
matched for complexity with the speech stimuli. A second central
Fig. 1. For each of the four conditions, the spectrograms of the two endpoint stimuli and the estimated identification curves are shown. The estimated
identification curves are based on the averaged slope and category boundary parameters per group. Broken blue lines depict dyslexic reading group; un-
broken red lines depict normal reading group. Percentage of /dA/, /y/, rotated /dA/ and rotated /y/ responses (y axis) is shown along the 10 stimulus steps (x
axis). On spectrograms, x axis represents time (350 ms), y axis represents frequency (4 kHz), and intensity of gray scale represents amplitude.
Fig. 2. Average identification slopes of four stimulus continua for dyslexic reading and normal reading group. Error bars indicate ±1 SEM per group.
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implication of our study is thus that the deficit in individuals with
dyslexia is not speech-specific. Previous studies that addressed this
speech-specificity issue did not control for the acoustic complexity
of the speech and nonspeech signals, and used either sine-wave-
speech, isolated formants, or tones as the nonspeech counterpart
(4, 6, 22, 24, 32). Consequently, although these studies mainly
corroborated a speech-specific auditory deficit, they could not
preclude the possibility that the auditory deficit in dyslexia might
be more general but confined to relatively complex stimuli (22).
This hypothesis is indeed supported by our study, in which we used
spectrally rotated nonspeech analogs that contained exactly the
same degree of complexity as the speech signal. It is plausible that
problems with processing temporal properties in isolation or in
simplified acoustic environments are less likely to occur in indi-
viduals with dyslexia, but that they show up when the relevant cues
are concealed in a complex sound. A reasonable hypothesis is thus
that individuals with dyslexia have problems extracting the rele-
vant temporal cues, particularly when they are embedded within
a complex acoustic signal. Otherwise stated, individuals with
dyslexia might have problems extracting and distinguishing the
relevant temporal cues (i.e., the signal) from the redundant
acoustic information (i.e., the noise). Support for a noise-exclu-
sion deficit in individuals with dyslexia, especially for temporal
cues, has been provided by previous studies in both the visual (50)
and auditory (51) modality.
We hypothesize that this temporal-specific impairment in
individuals with dyslexia, which extends beyond the domain of
language, might be explained by a lack of neural specialization of
the auditory system for processing temporal cues. In line with
prior research (52), our results confirm that individuals with
normal reading label sounds containing temporal cues more
categorically than steady-state sounds, and that this pattern
extends beyond linguistic boundaries. Given that this pattern of
categorization seems to be driven by the acoustic properties of
the speech and nonspeech sounds, we hypothesize that this dif-
ferential way of categorizing arises as a result of the different
ways in which the auditory system processes temporal and
steady-state cues (52). Several functional neuroimaging studies
have shown greater left hemisphere involvement for processing
temporal cues, and greater right hemisphere involvement for
processing steady-state cues (53–56). This functional specializa-
tion appears to be based on low-level auditory cues rather than
speech cues. Functional imaging studies in which both the speech
and the temporal aspects were manipulated (57–60) replicated
the pattern of left lateralization in response to rapidly changing
speech and nonspeech sounds; no such left-hemisphere lateral-
ization was observed for more steady-state or slowly changing
sounds, irrespective of their speech value (reviewed in ref. 61). In
addition, in a brain morphology study (62), a significant corre-
lation was found between the amount of white matter in the left
parietal cortex and the rate of learning to identify rapidly
changing speech and nonspeech stimuli, whereas no correlation
was observed with steady-state sounds.
Intriguingly, the present study demonstrates that individuals
with dyslexia do not show this differential pattern of categori-
zation of steady-state versus rapidly changing sounds. This may
suggest that individuals with dyslexia do not use a distinct neural
mechanism for processing temporal versus steady-state sounds.
Support for this view is provided by electrophysiological studies
showing that individuals with dyslexia do not present the typical
left hemispheric dominance in response to speech or rapidly
changing signals (63). In addition, functional brain imaging
studies demonstrated leftward brain lateralization for rapid
versus slow transitions in individuals with normal reading but not
in individuals with dyslexia (64–66).
It is demonstrated that auditory training can result in plastic
changes in the auditory cortex (66, 67) and, importantly, in
improvements in phonological (68) and reading (67) skills. On
the basis of our study, it is recommended that these auditory
training studies should particularly focus on the processing of
temporal cues in complex speech and nonspeech sounds.
Methods
Participants. A total of 62 native Dutch-speaking university students with
normal hearing participated in the study (Table 1), 31 of whom were in the
dyslexic reading group. In line with current practice in Belgium and the
Netherlands (69), the criterion used for the diagnosis of dyslexia took into
account both the severity and the persistence of the literacy problem. Every
individual with dyslexia had received a formal diagnosis of developmental
dyslexia during childhood by a qualified psychologist. Second, when these
individuals started their studies at the university, the diagnosis was verified
and confirmed by the diagnostic center of our university (Katholieke Uni-
versiteit Leuven). Third, each of these individuals with dyslexia scored below
the fifth percentile on a standardized pseudoword reading test (70), which
we administered (university norm group, ref. 71). This resulted in a group of
31 individuals with dyslexia, for whom the diagnosis was independently
confirmed three times. The group of students with dyslexia scored ∼2 SD
below the university reference group on standardized word reading (70)
and spelling (71) tests. The other half of our participants had no history of
reading difficulties and had average reading and spelling skills compared
with the university norm group. Every student with dyslexia was individually
matched to a student with normal reading based on education (i.e., same
discipline and year), nonverbal intelligence (72), age, and gender. Partic-
ipants had no history of other neurological, psychiatric, or language pa-
thology. Based on the Edinburgh Handedness Inventory (73), all but three
participants (of whom two were normal readers) were right-handed.
Stimuli. The intensity level (RMS), duration and cutoff frequency of the
spectra (<4 kHz) were identical for the four stimulus types. The endpoints, or
“prototypes,” of each of the four continua are displayed in Fig. 1.
Speech continua. Two 10-step phonetic continua were created using Praat (74):
One started from a naturalistic spoken /bA/ and was interpolated to /dA/,
and one started from a naturalistic spoken /u/ and was interpolated to /y/.
The signals were down-sampled to 11025 Hz for linear predictive coding
analyses of the formant frequencies. The linear predictive coding analysis
was done with 10 linear prediction parameters, a window width of 25 ms,
a time step of 5 ms, and preemphasis of +6 dB/octave starting at 50 Hz.
The acoustic difference between /bA/ and /dA/ lies within the transition of
the second formant (F2), which is rising for /bA/ and falling for /dA/. To create
a speech continuum that would gradually move from /bA/ to /dA/ in 10
Table 2. Whole-sample Pearson correlations among slopes of four conditions of categorical
perception task and scores on word reading, pseudoword reading, and spelling
Speech Nonspeech
Temporal Nontemporal Temporal Nontemporal
/bA/-/dA/ /u/-/y/ Rotated /bA/-/dA/ Rotated /u/-/y/
Word reading 0.28* −0.01 0.22 −0.01
Pseudoword reading 0.30* −0.04 0.27* 0.09
Spelling 0.28* 0.02 0.26* −0.05
*P < 0.05.
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acoustically identical steps, the transition of F2was linearly interpolated from
/b/ to /d/. The manipulated part of the signal was a 100-ms interval at the
beginning of the sound. The F2 onset ranged from 830 to 1,906 Hz, whereas
the steady-state part of the vowel was kept at 1,100 Hz. F1 and F3 were
constant for all 10 stimuli at 680 Hz and 2,620 Hz, respectively. Each item of
the resulting 10-step continuum had a total length of 350 ms.
The acoustic difference between /u/ and /y/ lies within the frequency of F2.
During the total length of the phonemes, F2 stays relatively stable but is at
a lower frequency in /u/ than in /y/. To create a gradual vowel continuum, the
frequency of F2 was linearly interpolated from /u/ to /y/ in 10 acoustically
identical steps ranging from 800 Hz to 2,100 Hz across the 10 stimuli, and
remaining constant throughout the vowel within each stimulus. F1 and F3
and were kept stable at 680 Hz and 2,620 Hz, respectively. Stimuli were once
again 350 ms in duration.
Nonspeech continua. Nonphonetic contrasts with the same spectro-temporal
complexity as the speech continua were obtained by flipping both the /bA/-/
dA/ and the /u/-/y/ continua along a frequency axis of 2 kHz (47, 48) (Fig. 1). In
addition, the spectra of the rotated stimuli were filtered to the long-term
average spectra of the nonrotated original speech stimuli to equalize the
overall spectral cues of the continua. To minimize the effects of nonspecific
performance factors such as attention and effort, we ensured that perfor-
mance levels on the endpoint stimuli were identical across the four stimulus
types. For this reason, and based on behavioral pilot data, the discrimina-
bility of the rotated /bA/-/dA/ continuum was enhanced by additionally
manipulating, in 10 equal steps, the onset of F2 of the rotated continuum
(i.e., corresponding to F3 in the nonrotated continuum). This resulted in
a falling F2 for the rotated /bA/ and a rising F2 for the rotated /dA/. The
distances from the onset of this formant transition to its steady-state part
were equal to those in the nonrotated /bA/-/dA/-continuum (similar ap-
proach in ref. 75). For the rotated /u/-/y/ continuum, no additional manipu-
lation was needed to obtain similar performance levels as in the speech
condition.
Procedure. Participants performed a two-alternative forced-choice ABX
identification task in which they had to indicate whether the third presented
stimulus (X) was most similar to the first (A) or second (B) stimulus, by pressing
“1” or “2,” respectively. Reference stimuli (A and B) were always endpoints
of the tested continuum. The three presented sounds in each trial were
accompanied by simultaneously highlighting “1,” “2,” and “?” on a com-
puter screen. Each of the 10 stimuli of the continuum was presented eight
times in a random sequence. The amount of time to respond was unlimited,
and no feedback was given. Stimuli were presented monaurally at 70 dB SPL
over calibrated TDH-39 headphones using the integrated audio card from
a PC routed to an audiometer. The presentation order of the continua was
counterbalanced, with the restriction that participants always started with
one of the two speech continua.
Analyses. To calculate the slope, individual identification datawere submitted
to a logistic fitting using Psignifit toolbox (76). Before analysis, slope
parameters were log10-transformed to approach normally distributed data.
In addition, one normal reader in the /bA/-/dA/ condition and two normal
readers in the rotated /bA/-/dA/ condition were outperforming outliers, and
their scores were adjusted to a value corresponding to +3 SD. (Identical
results were obtained when these outlying subjects were excluded from the
analyses.) Results were analyzed in a pairwise manner, comparing matched
dyslexic reading and normal reading individuals. As such, we analyzed the
data using linear mixed model analysis (77) with pair number as the random
variable (pair 1 to 31) and participant group (dyslexic reading versus normal
reading group) as the fixed between-subjects variable. Kenward-Roger
correction was applied to approximate the error degrees of freedom. Mixed
model analysis was chosen not merely to allow a pairwise comparison but
also because of its robustness in analyzing seminormally distributed data. All
statistical tests were two-tailed (α = 0.05). Results of the posthoc tests were
interpreted as significant if they survived a Bonferroni correction for mul-
tiple comparisons. Finally, Pearson correlations were calculated to determine
the relationship between the (log)slope of the four conditions and the three
literacy tests (word and pseudoword reading and spelling).
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